INTRODUCTION
In the 1930s, Klüver and Bucy 1 observed a syndrome of neurobehavioral symptoms after bilateral temporal lobectomy in Rhesus monkeys, which was later named Klüver-Bucy syndrome (KBS). Symptoms comprise (i) the inability to recognize the emotional significance of objects (psychic blindness), (ii) hypersexuality, (iii) altered emotional behavior (placidity), (iv) hyperorality and the ingestion of inappropriate objects, (v) an excessive tendency to react to every visual stimulus (hypermetamorphosis), (vi) aphasia and (vii) memory loss. 2, 3 KBS can result from brain injury and from neurodegenerative disorders affecting the amygdalae. 2 Children with diseasecausing variants in the N-sulfoglucosamine sulfohydrolase (SGSH, OMIM*605270) and N-acetyl-α-D-glucosaminidase (NAGLU, OMIM*609701) genes suffer from neurodegeneration due to Mucopolysaccharidosis type IIIA (MPSIIIA, Sanfilippo A, OMIM#252900) and type IIIB (MPSIIIB, Sanfilippo B, OMIM#252920). These patients may exhibit symptoms resembling KBS including a volume loss of the amygdala. 4, 5 Progression of MPSIII (including all subtypes A-D) is characterized by delay of language development (stage 1), behavioral disturbances and mental deterioration (stage 2), and finally a neurologic disorder with seizures and spasticity (stage 3). 6 We applied autozygosity mapping and whole-exome sequencing (WES) to identify the genetic defect in two siblings with KBS from a consanguineous marriage. Both patients carried a homozygous disease-causing variant in the heparan-α-glucosaminide-Nacetyltransferase (HGSNAT, OMIM*610453) gene, which is responsible for autosomal recessive MPSIIIC (Sanfilippo C, OMIM#252930).
SUBJECTS
IRB approval was obtained from the Charité (EA2/107/14). Guardians provided written informed consent for the study.
Patient III:01
The girl was born to healthy consanguineous parents from Turkey. Her language development was retarded with first words spoken only by 2-3 years of age (NR 0.9-1.0 years). At 4 years she became restless. Global developmental delay was recorded at 6 years (MPSIII stage 1). 6 At 8 years she lost her independence for self-care and suffered from sleep disturbance and aggressive behavior (MPSIII stage 2). Intellectual disability (IQ = 70) became apparent at 9 years and hypersexuality at 13 years. Since 11.5 years she lived in a children's home, and 2 years later was referred to a closed institution because of rapidly progressive restlessness in combination with prosopagnosia (face blindness), visual-sensory agnosia (psychic blindness), and hypermetamorphosis. At 18 years she became disinhibited and fearless (placidity), her spontaneous speech was limited to a few words, and her IQ had dropped below 20. She 'ate anything she could get her hands on' (hyperorality). As a young adult, seizures, unsteady gait, upper motoneuron signs, and global brain atrophy (Figure 1 ) became apparent (MPSIII stage 3).
Patient III:04
Her equally affected brother suffered from deafness and delayed speech development since infancy and became aggressive at the age of 9 years. His disorder developed similarly as in his sister. Detailed clinical features are provided in Supplementary Table 1 .
METHODS

Positional gene mapping using SNP arrays
Autozygosity mapping was performed with DNA samples from patients (III:01, III:04, Figure 2e ), unaffected siblings (III:02, III:03), and both parents (II:01, II:02) using the Axiom Genome-Wide Human EU Array (Illumina, San Diego, CA, USA) with ≈6 00 000 SNPs. Using HomozygosityMapper2012 (http:// www.homozygositymapper.org [Mar2016]), 7 we delineated the intervals that were (i) autozygous only in affected individuals (block length = 200 SNPs) and excluded (ii) regions that were autozygous over 450 SNPs for the same allele in healthy individuals.
Exome sequencing
Exonic regions were enriched from DNA of patient III:04 with SureSelectv3 (Agilent, Waldbronn, Germany). WES of 101 bp single-end fragments was done on a HiSeq2000 machine (Illumina). A total of 498% of the 14 GB data reached the Q20-quality threshold. Fragments were aligned to the GRCh37.p11 [hg19] reference sequence. For the 34 Mb coding regions of 19 126 RefSeq genes, 494% were covered 420 × by non-redundant reads. Sequence analysis was conducted by MERAP (https://sourceforge.net/projects/merap [Feb2015]) 8 and by MutationTaster2 (http://www.mutationtaster.org [Apr2016]). 9 
Sanger sequencing
All 18 coding exons of HGSNAT and flanking intronic regions were PCRamplified and subjected to automatic sequencing (Supplementary Table 3 ). Sequences were compared to GenBank NM_152419.2. For verification of a splicing defect by RT-PCR, we generated cDNA from fibroblast RNA, amplified a 597 bp fragment (exons 9-14) with the primers: FW FAM-CTTCAAACA TGCAAGTTGGAATG-3, REV 5-CCGAGCCTTGTAATACAATAGTATTT-3, and determined fragment sizes by capillary gel electrophoresis on an ABI3500 Genetic Analyzer (Applied Biosystems, Weiterstadt, Germany) along with a GeneScan1000 ROX standard.
Measurement of enzyme activity
Acetyl-CoA:α-glucosaminidase-N-acetyltransferase (EC 2.3.1.3) enzyme activity was measured biochemically in fibroblasts from patient III:04 as described. 10 Three control fibroblasts and a pathologic MPSIIIC control were measured alongside to secure batch-to-batch consistency. Briefly, cultured fibroblasts were incubated with substrate buffer (Moscerdam Substrates, Oegstgeest, NL, USA) in a 96-microtiter plate for 21 h at 37°C. After incubation, the 4-methylumbelliferone moiety (4-MU) was released from the substrate and its fluorescence measured by fluorescence (Ex/Em = 365/450 nm) against a calibration curve of 4-MU. (Figures 2a and b) . WES (Figure 2d ) thereby disrupting an integral portion of the enzyme that connects the intralysosomal N-terminus with the first extralysosomal loop. The result was verified by Sanger sequencing and homozygosity segregated with the disease in the family (Figure 2e ). Sanger sequencing of the entire coding region of HGSNAT in two additional unrelated single patients with KBS did not yield a disease-causing variant.
RESULTS
Autozygosity
Enzymological studies
As additional proof of pathogenicity for the HGSNAT variant, we found diminished enzymatic activities in cultured fibroblasts of patient III.04 (0.09 nmol/h*mg). This result was below the activities determined in leukocytes from normal controls (0.2-1.3 nmol/h*mg, n = 11), thereby corroborating the molecular diagnosis. The activities of three control fibroblast lines were within the normal range, whereas the activity of another MPSIIIC patient was 0.03 nmol/h*mg. The activity of the reference enzyme β-galactosidase was normal in the patient (4.81 nmol/min*mg, NR 1.9-11).
DISCUSSION
We describe an HGSNAT variant as the cause of Klüver-Bucy syndrome with childhood onset. In adults KBS may result from amyotrophic lateral sclerosis, 11 bilateral temporal lobectomy, 2 adrenoleukodystrophy, 12 Alzheimer`s disease, 13 herpes encephalitis, 14 and rapid correction of hyponatremia. 2 In children KBS has been observed after herpes encephalitis, 15 hypoxic insult, 16 in neuronal ceroid-lipofuscinosis, 17 MPSIIIA, 4 MPSIIIB, 5 and as a result of congenital bilateral anterior temporal malformation of the amygdalar-hippocampal complex. 18 We report two siblings with MPSIIIC and severely altered emotional behavior who meet the diagnostic criteria for KBS with onset at MPSIII stage 2. 6 This finding is in line with a two prospective studies on children with MPSIIIA and MPSIIB that were the first to describe an association between MPSIII and KBS. 4, 5 A subset of the study group showed a decline of brain volume affecting more the amygdala than the hippocampus. 4 This finding supports former observations on amygdalectomized versus hippocampectomized monkeys, suggesting that dysfunction of the amygdala is associated with many characteristic symptoms of KBS. 19 However, as shown in further studies, KBS cannot solely be explained by dysfunction of the amygdala. 13 A neuropathological study of the brains of two MPSIIIA and IIIC patients discovered ballooning of the neurons in the basal ganglia, the amygdala and the hippocampus. 20 Other studies described hippocampus and amygdala variably 21 or not at all 13 to be affected in MPSIII (types A-D). In contrast, patients with KBS secondary to amyotrophic lateral sclerosis or Alzheimer's disease revealed marked or moderate cell loss and gliosis of the amygdala. 11, 13 Spasticity is a common symptom of MPSIII in the final stage. 6, 22 In neuropathological studies on two patients with MPSIIIC cerebral atrophy and ballooning of the pyramidal cells including the Betz cells have been described. 20 In our study, patient III:01 and to a lesser degree her younger affected brother III.04 developed global brain atrophy and a Babinski sign indicating the development of upper motoneuron signs at the final stage of MPSIIIC.
In conclusion, patients with MPSIIIC can establish the full spectrum of KBS. As pointed out by Potegal et al. 4 and Shapiro et al., 5 MPSIII is the first inherited pediatric disease presenting systematically with clinical features of KBS.
